Food shortages arise more frequently owing to unpredictable crop yield losses caused by biotic and abiotic stresses. With advances in molecular biology and marker technology, a new era of molecular breeding has emerged that has greatly accelerated the pace of plant breeding. High-throughput genotyping technology and phenotyping platforms have enabled large-scale marker-trait association analysis, such as genome-wide association studies, to precisely dissect the genetic architecture of plant traits. Large-scale mapping of agronomically important quantitative trait loci, gene cloning and characterization, mining of elite alleles/ haplotypes, exploitation of natural variations, and genomic selection have paved the way towards genomicsassisted breeding (GAB). With the availability of more and more informative genomic datasets, GAB would become a promising technique to expedite the breeding cycle for crop improvement. 
Introduction
Crops are the major source of food supply and industrial raw materials. Significant gaps still exist between crop yields and global food consumption. Plant diseases, insects, and adverse environmental conditions frequently cause serious yield losses, which, together with a rapidly increasing global population, can result in severe food shortages worldwide. genes or quantitative trait loci (QTL), enrichment of favorable alleles in early generations, and selection for quantitative traits using markers at multiple loci (Hospital et al. 1992; Lee 1995; Eathington et al. 2007; Gupta et al. 2010) . Over the last two decades, the rapid development of whole-genome sequencing and marker development technologies enabled the use of high-density single nucleotide polymorphism (SNP) markers to analyze the whole genome at very low cost.
Whole genome and transcriptome sequencing bridges between the genotype and phenotype, and leads to a new revolution in plant breeding, especially for complex traits. Integration of genomics tools and conventional breeding triggers new breeding strategies, like gene pyramiding and genome selection (GS), which greatly accelerates the breeding. In recent years, genomics-assisted breeding (GAB) has become a powerful strategy for plant breeding (Fig. 1) . GAB enables the integration of genomic tools with high throughout phenotyping to assist breeding practices through molecular markers to facilitate the prediction of phenotype from genotype ( Fig. 1) . GAB allows breeders to start out with a large population of only genotypically characterized offspring, and then only use a selected subset for more expensive phenotypic evaluation (Cooper et al. 2014 ). In addition, genotypic evaluation can be done offseason, e.g., in winter nurseries, where yield trials are usually not conducted, which also helps to speed up breeding. GAB is especially useful for the improvement of complex traits due to its advantages of high accuracy, direct improvement, short breeding cycle, and high selection efficiency. The ultimate goal of GAB is to find the best combinations of alleles (or haplotypes), optimal gene networks, and specific genomic regions to facilitate crop improvement . As such, GAB is promising to accelerate the generation of new plant varieties and promote the development of modern agriculture. Here, we summarize the recent progress in germplasm enhancement, high throughput genotyping and phenotyping technologies, marker-trait associations, and exploration of natural variations, which altogether make it available for GAB in crop improvement.
Germplasm collection and enhancement
Crop germplasm resources, also known as genetic resources, have great impacts on crop genetic improvement. Large amounts of natural germplasm resources have been collected and preserved. However, how they can be utilized for crop improvement remains to be a big challenge. Besides, the use of artificial methods has become the main approach to create novel germplasm, such as recombinant inbred lines, near isogenic lines, and single segment substitution lines. These genetic resources have been widely used for gene isolation. Natural populations with higher genetic diversity usually consist of hundreds to thousands of lines. It is costly to evaluate each accession in term of genotyping and phenotyping. Core collection strategy defines a minimum set of germplasms to maintain the maximum genetic diversity of the full collection (Frankel 1984) , which could greatly increase efficiency in utilization of genetic resources. Previously, core collection was constructed primarily based on geographical distribution and pedigrees, etc. Recently, application of plant genomics opens a new era for establishment and utilization of crop core collections (Jia et al. 2017) . The core collections have been accomplished in wheat and rice (Kobayashi et al. 2016; . Genomic tools offer information at both DNA and transcriptome levels with reduced environmental effects. Meanwhile, to better manage genetic resources, the core collection needs to maintain its genetic diversity with updated genetic information.
Genome sequencing and sequencebased markers
In the last three decades, several DNA fingerprinting methodologies, such as restriction fragment length polymorphisms (Burr et al. 1988) , random amplified polymorphic DNA (Williams et al. 1990) , and simple sequence repeats (Sundaram et al. 2008) , have been used for molecular plant breeding. These techniques are often labor-intensive and time-consuming, and it is impossible for them to be applied in large scale in modern plant breeding. To make things even worse, most markers are not localized in the target gene region, and thus failed to show any impact on plant breeding (Collard and Mackill 2008; Xu and Crouch 2008) . By contrast, SNPs currently become the most popular markers in breeding programs because of their abundance and our ability to detect them with high throughput methods (Mammadov et al. 2012) . Next-generation sequencing has developed rapidly over the last decade, leading to an ever-increasing number of sequenced species. Because a single reference genome is not sufficient to represent the diversity within a species, re-sequencing of different cultivars, landraces, and wild accessions are critical to the identification of genetic variation. Progress in next-generation sequencing and whole-genome re-sequencing is valuable for discovery, validation, and assessment of diagnostic markers in plants (Lai et al. 2010) and therefore is beneficial for the development of informative genome-wide markers. Genome complexity reducing methods like genotype-by-sequencing helped to reduce the cost of genotyping large number of recombinant progenies (Elshire et al. 2011) .
The sequences of crop genomes are useful for exploring genome organization and gaining insight into genetic variation via the re-sequencing of different accessions. A total of 278 maize lines, including public USA and elite Chinese lines, were re-sequenced and resulted in the identification of >27 million SNPs (Jiao et al. 2012) . With the initiation of the "3 000 Rice Genomes Project", a large panel of rice accessions has been re-sequenced with an average of 14×sequencing depth, resulting in >18.9 million SNPs . In wheat, a combined strategy using methylation-sensitive digestion of genomic DNA and nextgeneration sequencing was carried out for high-throughput SNP discovery, resulting in ~23 500 SNPs (De Leeuw et al. 2009 ). In addition, whole-genome re-sequencing was also conducted for other crops, such as, barley (Takahagi et al. 2016) , soybean , and lupin (Yang et al. 2015) , etc. Sequence-based markers associated with rare elite alleles will facilitate positional cloning and crop breeding.
The whole-genome re-sequencing data provide an unlimited resource for high-throughput SNP genotyping technologies, such as DNA chips, to detect genome-wide DNA polymorphisms. Rasheed et al. (2017) reviewed the progress, challenge and perspective of crop breeding chips and genotyping platforms, which provided great potential for crop breeding. Two chip-based technologies have been widely used, namely the GeneChip TM microarray technology from Affymetrix (Santa Clara, CA, USA; www.affimetrix.com) and the BeadArray TM technology from Illumina (San Diego, CA, USA; www.illumina.com). Some other newly developed commercial genotyping platforms including Eureka TM from Affymetrix ® and Infinium from Illumina also depend on highdensity SNP markers. Microarray-based characterization of plant genomes has revolutionized, to some extent, plant breeding and agricultural biotechnology. A standardized large-scale SNP genotyping array was established using more than 800 000 SNPs which were evenly distributed across the maize genome (Ganal et al. 2011) . In addition, kompetitive allele-specific PCR (KASP), TaqMan real-time PCR, and semi-thermal asymmetric reverse PCR (STARP) assays utilize low-cost PCR to identify SNPs, thus providing flexibility with respect to the number of samples to be analyzed Semagn et al. 2014; Long et al. 2017) .
Diagnostic markers, designed on target gene sequences, can be used to optimize the application of MAS in breeding without further validation. Genome sequencing/ re-sequencing has been increasingly applied to the development of diagnostic markers. Such kind of markers enables plant breeders to precisely engineer new cultivars with target traits to meet various food demands in future. So far, only limited diagnostic markers are applicable for MAS in yield and biotic/abiotic stress tolerance. Diagnostic markers were confirmed to be workable on a broad range of commercial lupin cultivars (Yang et al. 2015) . Haplotype contigs (haplotigs) associated with soybean salinity were identified through whole-genome re-sequencing (Patil et al. 2016) , which was applicated to the prediction of salt-tolerant/ sensitive genotypes. Markers that define the haplotig could be assembled to form a genome-wide set of markers (Chin et al. 2016) . RNA-seq technology enables the identification of haplotypes within a gene and allele specific gene expression simultaneously. Haplotype markers generated from transcriptome analysis will be extremely useful for uncovering genetic diversity and variation.
High-throughput phenotyping
Functional analysis of plant genomes has entered a highthroughput stage, whereas plant phenotyping remains a big challenge for modern plant breeding. Conventional phenotyping does not provide the large-scale, high-quality phenotypic data necessary for the accurate prediction of complex quantitative traits. Thus, high-throughput phenotyping platforms (HTPPs) need to be established for plant phenomics. HTPP is based on non-destructive phenotyping capability and high-capacity data recording and processing. Consequently, HTPP is particularly useful for detailed measurements of plant characteristics that collectively provide reliable estimates of phenotypic traits. In recent years, rapid progress has been made towards HTPPs due to the technological advances in computing and robotics, light detection and ranging (LiDAR), unmanned aerial vehicle remote sensing, etc. (Table 1 ). An International Plant Phenomics Network was set up for highthroughput phenotyping via robotic, non-invasive imaging across the life cycle of small, short-lived model plants and crops (Muraya et al. 2016) . Plant height, leaf length, width, and angle were measured on a phenotyping platform in the greenhouse, which was developed by the integration of LiDAR, high-resolution camera, and hyperspectral imager (Guo et al. 2017) . Dynamic growth traits from the seedling to tasseling stage were quantified using a HTPP from a maize RIL population in the greenhouse .
Plant breeding has benefited from field phenotyping with the development of novel sensors, image analysis, robotics, etc. (Table 1 ). However, the capacity for rapidly and accurately phenotyping large numbers of field-grown plants remains unsatisfied. It is also deficiency of the precise estimation of association between genotype and phenotype under highly variable environments. A novel system for phenotyping dynamic traits has been developed that can rapidly and accurately measure multiple traits, including canopy height, under well-watered or water-limited field-growth conditions (Andrade-Sanchez et al. 2014) . Undoubtedly, high-throughput phenotyping will contribute to our understanding of crop physiology by rapidly providing accurate information. Physiological breeding based on HTPPs and probably together with genomic selection is beneficial for the improvement of breeding methodologies, and brings out more precise breeding strategies for stress tolerance and yield (Reynolds and Langridge 2016) . The advent of additional HTPPs with increased reliability, accuracy, capacity, and affordability will assist the prediction of genotypic performance of different plant species under complex field conditions. However, for some complex traits, e.g., disease resistance, artificial inoculation is needed to assist disease development, and it cannot yet be replaced by robotization. Low cost and accessible data managements are urgently needed. Renovated technique will certainly assist further application of HTTP in GAB to benefit crop breeders.
Marker-trait association for genomicsassisted breeding
Most agronomically and economically important traits in crops are quantitative traits that are controlled by multiple QTL. Thus, discovery of QTL or even underlying causal genes/alleles is of great importance to marker-assisted breeding. Linkage mapping is a classical method towards the genetic dissection of the genetic basis of quantitative trait loci. So far, a huge number of QTL have been identified using this method (Emebiri et al. 2017; . In addition, with the achievement of bioinformatics and massive genetic information, a meta-QTL analysis was developed by integrating published QTL to detect consistent QTL for crop improvement (Van and McHale 2017) .
Genome-wide mapping in large populations facilitates the target gene mapping and cloning in crops. The availability of high-density SNP markers has opened a way for genomewide association study (GWAS), an approach using natural populations. GWAS could overcome several constraints of conventional linkage mapping and provide a powerful complementary strategy for dissecting complex traits. By combining high-throughput phenotypic and genotypic data, GWAS provides insights into the genetic architecture of complex traits in maize, particularly given the rapid decay of linkage disequilibrium in maize (Yan et al. 2011) . A total of 26 loci were identified to be associated with oil concentration in maize kernels through GWAS , and this data set can now be directly used to facilitate markerbased breeding for oil quantity and quality. Numerous loci associated with maize traits have been detected through GWAS, such as flowering time ), leaf architecture (Tian et al. 2011) , blight resistance (Kump et al. 2011) , and male inflorescence , etc. GWAS for soybean domestication revealed relevance between selected regions and domestication as well as new loci for oil content and plant height (Zhou et al. 2015) . QTLs associated with chilling tolerance during germination and young seedling stages were identified recently via GWAS (Schläppi et al. 2017) , providing useful markers for chilling tolerance improvement in rice cultivars. GWAS has become a powerful tool for QTL mapping in plants because a broad range of genetic resources may be accessed for markertrait association without any limitation on marker availability.
Genomic selection (GS) predicts genomic estimated breeding values (GEBVs) of lines by analyzing traits and high-density marker scores within an artificially created population at the whole-genome level (Meuwissen et al. 2001; Crossa et al. 2017) . GS is another promising breeding strategy for rapid improvement of complex traits. Close correlations were found between genomic estimated and true breeding values, even for polygenic traits with low heritability (Jia and Jannink 2012) . This level of accuracy was sufficient in approaches selected for agronomic performance using marker information alone. When using genome-wide markers to select plants for breeding, GS was proved to be advantageous for complex traits, e.g., grain yield (Saint Pierre et al. 2016) . Moreover, GS can shorten the selection cycle and generate reliable phenotypes. In view of these advantages, GS has been applied to several traits in a variety of plant species including maize, barley, bread wheat, and rice. Data obtained from six maize segregating populations predicted higher levels of grain moisture and grain yield, at namely 0.90 and 0.58, respectively, and precise phenotyping led to accurate prediction across three to four locations . Similar prediction accuracies were obtained for Fusarium head blight resistance in wheat through both independent validation and cross-validation (Jiang et al. 2017) . Improved prediction accuracy towards rice heading dates was obtained with a novel genomic-prediction-andcrop modelling integrated phenological method, which can overcome influence of genotype-environment interaction in diverse environments (Onogi et al. 2016) . This suggests great potential of the integrated approach compared with the two-step methods in all cross-validation schemes. With the achievement of crop genetic map coupled with the highthroughput marker detection technique, the application of GS is increasingly accepted by breeders. Although still costly, GS has been proved to be superior to markerassisted recurrent selection for improving complex traits in crops, as it can effectively avoid issues associated with the number of QTL that control a trait.
From genotype to phenotype
It is generally accepted that the phenotype corresponds to genotype in an approximately linear manner. Genomic research has unraveled various metabolic pathways and provided molecular markers for agronomic traits. To date, a large number of QTLs have been identified by linkage mapping and GWAS, and several genes with major effects have been functionally validated by both gain-of-function and loss-of-function approaches (Table 2) . Genotype-phenotype databases record massive amounts of information about genetic variation, and thousands of genetic variants have been associated with important crop traits. Rapid genome-sequencing methods coupled with whole-genome transcription profiling suggest that it is possible to predict phenotypes from genotypes.
A number of genes or QTLs associated with yieldrelated traits and crop resistance/tolerance to abiotic and biotic stresses have been identified and proven to be valuable resources for crop improvement (Table 2) . Our understanding towards the genetic architecture and molecular mechanisms for complex plant traits has been greatly improved with the identification of major QTLs/ genes. Resistance to head smut was significantly enhanced by introducing the gene ZmWAK into the susceptible line HZ4 , and disease incidence was greatly reduced via MAS . This demonstrates the great potential of ZmWAK in the genetic control of head smut disease in maize. Subsequent research showed that, apart from inducing enhanced maize resistance to head smut, ZmWAK has multiple effects on other traits including yield components (Konlasuk et al. 2015) . A natural variant of ZmVPP1, caused by a transposon insertion in the ZmVPP1 promoter, was found to be associated with maize drought tolerance at the seedling stage, a result that provided genetic insights into the natural variation of maize drought tolerance . The QTL COLD1 confers chilling tolerance to japonica rice and was identified via map-based gene cloning . Thus, ZmVPP1 and COLD1 represent promising targets for improving maize-drought and rice-cold tolerance. With the continuous saturation of crop genetic maps, more QTLs will be mapped, enabling Mago et al. (2015) the pyramiding of multiple genes/QTLs. Several grain yield-related QTLs have been identified in rice: GW2 (Song et al. 2007) , GW5 (Shomura et al. 2008) , GW8 , GS2 , GS3 (Fan et al. 2006) , and GS5 . These loci that control grain width, filling, weight, and size provide growers with great opportunity to breed super high-yielding elite rice varieties. Natural variants are a valuable resource for GAB, and even though they do not necessarily induce pleiotropic effects, they may lead to different phenotypes. Most of the genetic variation present in wild species and unadapted germplasm usually has a negative effect on the adaptation of plants to agroecological environments. Domestication has generated remarkable variation in plant architecture and appearance (Chen et al. 2014) . Analysis of genetic variation in modern maize cultivars, early-domesticated maize, and wild teosinte identified almost 1 200 genes that were affected during domestication and accompanied by reduced genetic diversity (Bevan et al. 2017) . Different rice subspecies exhibit substantial heterogeneity in the natural variations of metabolites and their underlying genetic architectures. The challenge now is how to validate and make use of the alleles identified as being superior in breeding programs.
Discovery of new haplotypes and the selection of superior haplotypes can advance plant breeding. Gore et al. (2009) constructed the first plant haplotype map that identified and genotyped millions of sequence polymorphisms among 27 diverse maize inbred lines. Their findings revealed that the genome was characterized by highly divergent haplotypes and showed 10-to 30-fold variation in recombination rate. In rice GS5 gene, three haplotypes of its promoter region were identified from a wide geographic range of rice accessions, suggesting that natural variation in GS5 might contribute to grain size diversity, which would benefit rice yield improvement. Recently, an analytical framework for haplotype-based de novo assembly of the low-coverage sequencing data for rice was implemented using 950 worldwide rice varieties. In wheat, a favorable haplotype Hap-6B-1 was found to have an even stronger influence on increasing grain yield that had undergone strong positive selection in global wheat breeding (Qin et al. 2014) . Superior varieties with attributes of abiotic and biotic stress tolerance, and high yield, either alone or in combination, may ultimately result from new genetic variants, rare alleles, and new haplotypes. The coupling of genome-wide haplotypes with GS has been shown to be feasible and may greatly accelerate plant breeding by offering greater specificity and predictability (Spindel et al. 2016) . Haplotigs may also be used to track their own incorporation into breeding pedigrees.
Recently, genome-editing technologies emerged as powerful tools for creating new allelic variants in the genomes of cultivated varieties. Genome editing represents an alternative to standard breeding processes based on recombination and, to some extent, to genetic transformation. Several years ago, sequence-specific nucleases, including zinc-finger nucleases and transcription activator-like effector nucleases (TALEN), were proposed for use in targeted genome editing. The haploid induction in maize is triggered by a mutation in a pollen-specific phospholipase, novel edits generated by TALEN lead to a 6.7% haploid induction rate (Kelliher et al. 2017) . More recently, the clustered regularly interspaced short palindromic repeats/ associated Protein-9 Nuclease (CRISPR/Cas9) System has been widely used for precise genomic editing. With the CRISPR/Cas9 System, the homozygous transgenefree wheat mutants were produced, offering the potential to accelerate plant genome editing process . Genome editing on the gene promoter region could give rise to differential cis-transcription alleles, providing beneficial quantitative variation for plant breeding. This was confirmed by evaluating numerous promoter variants for genes regulating tomato yield traits (Rodríguez-Leal et al. 2017) . It could be used for the quick isolation of new alleles and finely the control of yield traits. Meanwhile, it is also significant in uncovering the relationship between the gene regulation and complex quantitative traits. Genomeediting technology has already been a useful tool for the improvement of crop breeding including yield and durable resistance. However, study on the CRISPR/Cas9 System, such as the induction efficiency of mutations, specificity, and heredity in different crops, are still not clear.
Perspectives
Despite the great potential of GAB, several bottlenecks still challenge its immediate application. The first is the establishment of high-throughput phenotyping platforms in the field. None of the current pioneering phenome projects comes close to realizing the full potential of GAB, mainly because of costs and limited phenotyping capabilities. As a huge amount of information would be generated from high-throughput phenotyping, two main limiting factors to mine the huge volume of accumulated phenotypic data are data management and bioinformatics usage. Inheritance mechanisms related to agronomically important traits are also extensively concerned, for example, epigenetic phenomena such as DNA methylation, genomic imprinting, maternal effects, RNA editing, etc. Although epigenetics research has advanced considerably in recent years, the mechanisms of epigenetic phenomena are only beginning to be understood, and their potential role in crop improvement is unknown. The eventual elucidation of epigenetic mechanisms may provide input for molecular genetic innovation in crop improvement.
The availability of plant genome information has generated many next-generation sequencing-based approaches for allele mining and candidate genes identification. At present, high-throughput trait-associated markers, cost-effective genotyping approaches, and precise phenotyping platforms will facilitate the rapid deployment of GAB. Newly developed genetic and genomics tools will enhance, but not replace, conventional breeding and evaluation processes. In the coming years, we believe that extensive implementation of MAS and GS either alone or in combination will help improve plant breeding at genomic level.
